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Abstract 
The long term fate of wells proximal to CO2 sequestration operations remains poorly understood. To date, experiments have 
shown that total degradation of well cement is unlikely [1] and that severe, uniform degradation of a conductive pathway can lead 
to self-healing of a fracture [2]. However these experiments did not carry out the degradation reactions while the (fractured) 
cement was under mechanical load comparable to subsurface conditions. A new experiment procedure that couples reactive flow 
through a fracture in cement with confining pressure has shown reaction along well defined flow channels along the fracture face. 
Injection of acidic (2 < pH < 3) aqueous solutions yielded effluent pH histories with a characteristic spike of rapid neutralization 
followed by a slow approach toward inlet pH. In all experiments, the effective hydraulic aperture after acid injection was smaller 
than the initial hydraulic aperture. This indicates that in a system with a slow leak of brine saturated with CO2 along a defect in a 
wellbore, the leakage rate would decrease over time.      
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
In the area of CO2 sequestration permanence, recent research has been aimed at determining whether a well that 
has been properly completed and exhibits adequate zonal isolation will continue to provide a seal when exposed to 
CO2 and CO2–saturated brine. Cement alteration by these fluids at reservoir conditions has been shown to be a slow 
process and is not likely to cause a properly cemented well to fail [1].   
However, many wells that were drilled in and around potential sequestration sites exhibit some level of vertical 
pressure communication in their cemented annulus [3]. The long term fate of leaky wellbores must be quantified in 
order to estimate leakage rates in CO2 sequestration operations. Experiments which decoupled the chemical 
reactions from the flow, transport and mechanical loading have shown that chemical degradation along the entire 
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fracture face can lead to substantial reduction  in fracture aperture when confining stress is applied to the degraded 
sample [2]. The behavior when all phenomena are coupled (e.g., when CO2 or acidic brine flows through a fracture 
within a stressed sample of cement) has yet to be determined. Reactive flow through fractures typically exhibits 
complex behavior based on coupling of confining pressure, aperture size/geometry, fluid velocity, and the chemical 
reactions [4,5,6]. Since this behavior remains poorly understood for wellbore materials, initial experiments are 
required to define the parameter space and identify what type of behavior to expect.  
The goal of this study is to determine the conditions under which leakage of CO2-saturated brine through a 
fracture in cement becomes either self sealing or self reinforcing. To do this we characterize reaction patterns 
observed in simple laboratory experiments and determine controlling phenomena (flow rate, acid concentration, 
volume of acid, fracture geometry, etc.). Here we present the results of several experiments that are useful for 
providing an initial estimate of the behavior of the system and some values of leakage parameters. The results will 
also aid the design of future experiments at downhole conditions and with more appropriate reactions that will 
address the ultimate goals of assessing leakage risk.  
 
2. Methods 
2.1. Sample description 
Class H neat cement samples were mixed according to API Recommended Practice 10B [7]. They were cured at 
ambient pressure and 50°C for two weeks. Samples were then allowed to air dry. Fractures were created using the 
Brazilian method [8]. Core halves were reassembled with an axial offset of about a millimeter to ensure the fracture 
remained open under confining pressure. The ends were shaved flush. A caulk was used down the mating sides of 
the fractured halves to prevent fluid from moving outside the fracture and to keep the core halves in place. 
2.2. Equipment description 
Flow experiments used a Hassler cell assembly designed for cores 2.54 cm in diameter and up to 30.48 cm in 
length. Experiments were performed at ambient temperature and outlet pressure was atmospheric. Inlet pressure and 
confining pressure were monitored with pressure transducers that had an upper limit of 200 psi and 1,000 psi 
respectively. A positive displacement constant flow rate pump capable of injecting acidic fluid with a flow rate 
range of 0.01 mL/min to 10.0 mL/min was used to push the acid through the system. A graduated cylinder and 
digital pH probe were used to measure an incremented volume (typically 10mL of effluent) and acid concentration 
of effluent fluid for a given collection interval.  
2.3. Baseline evaluation of flow/stress coupling 
The fracture aperture was estimated from the measured relationship between flow rate and pressure drop, using 
the simplified linear flow version of the equation presented by Witherspoon et al. [9] and also used by Huerta et al. 
[10]. We define the effective hydraulic aperture (Bhyd) of the fracture with the following equation: 
 
where Q is the volumetric flow rate, P is the pressure drop measured across the core, μ is the fluid viscosity, L is 
the length of the core, and W is the width of the fracture (assumed here to be the entire width of the core, 25.4 mm).  
The relationship between hydraulic aperture and confining stress plays a critical role in the coupling between 
flow, reaction and stress. We perform a series of tests to evaluate this relationship before and after injection of acid. 
The procedure, described in more detail by Huerta et al. [10], consists of measuring the pressure drop for several 
flow rates at a prescribed confining pressure. The slope  determines hydraulic aperture at that confining 
pressure. This procedure is repeated at several confining pressures on a loading (increasing pressure) and unloading 
N.J. Huerta et al. / Energy Procedia 4 (2011) 5398–5405 5399
 Author name / Energy Procedia 00 (2010) 000–000 3 
(decreasing pressure) pathway. The complete loading and unloading is termed a cycle and gives a sense of how the 
hydraulic aperture changes as a function of confining stress as well as the reversibility of those changes.  
2.4. Reaction chemistry  
Hydrochloric acid (HCl) was used as the reactive acid instead dissolved CO2. HCl is a strong acid expected to be 
more aggressive in reacting with the cement than expected in CO2 sequestration. In addition the lack of significant 
concentrations of carbonate anions in the experiment should suppress calcite precipitation. For these reasons the 
leakage rates observed with HCl should provide an upper bound (worst-case) on leakage of CO2-saturated brine.  
2.5. Acid injection method  
The typical experiment has three steps: (1) baseline and stabilization; (2) acid injection; (3) flush and subsequent 
characterization. Each step is run at constant flow rate, or a series of constant rates. In the first step, all samples were 
flushed with tap water to ensure the fracture was completely saturated with water. The choice of tap water was to 
mitigate the tendency for water (especially deionized water) to strip calcium from the cement and to avoid salt 
precipitation in the equipment from the use of brine. The hydraulic aperture estimate and its dependence on 
confining pressure are obtained in this step. The pump was then turned off and the stock fluid switched to HCl at the 
prescribed concentration. The pump was switched on at the desired flow rate and the second step was performed. 
Acid injection continued until effluent pH approached the injected acid pH or until the inlet pressure approached the 
equipment limit (pressure transducer maxima). The third step was then performed, which consisted of flushing the 
core with tap water and determining after-acid hydraulic aperture as a function of confining pressure. Key 
parameters measured during each experiment are tap water pH, acid pH, and effluent stream pH for the first two 
steps of the experiment. Table 1 shows key variables for the experiments highlighted in this paper.  
3. Results 
3.1. Sample BB-9 
The hydraulic aperture of this sample before acid injection was estimated to be 10.5 μm, Table 1. The 
dependence of this sample’s hydraulic aperture on confining pressure was not measured before acid injection. 
Figure 1 shows that the injected fluid established very well defined channels along the fracture face. Much of the 
fracture surface appears to have avoided any significant contact and alteration by the acidic fluid. Overall width of 
the reacted area is larger at the inlet and decreases down the length of the sample. Halfway between inlet and outlet 
the acid flowed through a few narrow paths.  
Figure 2 shows key data plotted versus cumulative moles of acid injected. The three horizontal lines are pH 
values for tap water, injected water exiting the core that had time to equilibrate with the cement, and injected HCl 
solution. The outlet pH curve is measured during the acid injection period and shows two interesting features. The 
first is an early spike above the steady state tap water value, despite the much lower pH of the injectate. The pH then 
decreases steadily, approaching the injected acid pH value over time. The inlet pressure also exhibits a rapid rise 
followed by a slow decrease; the trend lags the qualitatively similar trend in the pH history. Although the inlet 
pressure decreases throughout most of the experiment, it remains well above the initial baseline value with a final 
net increase of 11 psi (from 15 psi to 26 psi). Calculated hydraulic aperture drops below 7.5 μm when the pressure 
spikes, and rises asymptotically to around 8.5 μm. 
3.2. Sample PL-1 
This experiment was subject to roughly the same pH as BB-9 (2.2), a lower flow rate (2.0 mL/min), and slightly 
less overall acid injected (Table 1). Pre-acid baseline trends of hydraulic aperture vs. confining pressure were 
measured twice. The blue and red curve in Figure 3 shows the first and second cycles respectively. As expected, 
during the loading portion of the first cycle there is significant “strain hardening” or permanent deformation, after 
which the sample begins to behave elastically.  
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Figure 4 shows the image of the fracture faces after reaction. A single central pathway developed with a degraded 
zone inside it and a white precipitate on the outer edges of larger zone near inlet.  
The pH and inlet pressure curves for this experiment are qualitatively similar to the data in the BB-9 experiment 
(Figure 2). The effluent pH starts at the steady-state value (~9.5) and spikes above this (to about 10) as acid is 
injected. pH remains in the higher range for some time before dropping below the pH of tap water and approaching 
the injected HCl pH value (ending at pH 4). The inlet pressure history spikes early and then flattens out to a fairly 
constant value. The hydraulic aperture is initially 13 μm, drops to 5 μm, and increases asymptotically to 8 μm. 
Figure 3 shows that the dependence of hydraulic aperture on confining pressure after acid injection is similar to the 
dependence before acid injection.  
4. Discussion 
The results from the experiments presented in this paper are visually quite different than the uncoupled 
experiments presented in Huerta et al. [2]. In the present experiments, a reacted channel typically develops, whereas 
the uncoupled experiments were exposed to uniform reaction across the entire surface of the facture face. In the 
former experiments, the uniform reaction across asperities and voids led to a fracture that was mechanically weaker 
and thus allowed a larger aperture closure as confining stress increased. In extreme cases the system appeared to 
become self-sealing. In the present study the reaction zone is confined to distinct pathways within the fracture. Thus 
the majority of the confining stress should still be supported by unaltered asperities in contact and the relationship 
between confining stress increase and aperture decrease should not change. This hypothesis is confirmed by the 
plots on Figure 3, where the slopes of the baseline cycle two and of the after-acid cycle remain the same, despite a 
decrease in hydraulic aperture.  
The nature of the reaction path is still being investigated. The local variation in fluid velocity is controlled by 
local asperity height and void distribution. However the variation in local aperture is not as extreme as the images in 
Figures 1 and 4 suggest. It is possible that initially the flow paths occupied much of the width of the fracture, but as 
the experiment progressed the acid neutralization reaction caused material precipitation which channelized the 
pathway, restricting flow and causing inlet pressure to spike. If this were the case evidence for channel narrowing or 
new pathway development should be present. Sample PL-1 (Figure 4) seems to have the pathway with the least 
available reactive surface left, as the outlet pH is near the injected value and the flow rate is comparatively slow (so 
more residence time). However the overall channel width is much smaller than in sample BB-9. Thus channel width 
may be more strongly related to fracture geometry than to chemical reaction. The possibility that worm-like 
channels are an intermediate step towards a single connected channel seems unlikely as PL-1 was exposed to less 
total acid than BB-9. Since the effluent pH is still well above injected HCl pH at the end of the BB-9 experiment, the 
fracture surface material is still actively reacting. It is thus possible that the channel pattern observed in Figure 1 
would continue to evolve if more acid were injected.   
The cause of the pH spike above the baseline steady state value is unknown. In all cases, initial injection of acid 
is causing the pH of the effluent to become significantly more basic than the initial conditions before dropping 
toward the injected HCl pH. Irrespective of the reaction path geometry, all experiments showed a net increase in the 
pressure required to maintain a constant rate of flow. While not the same self-sealing mechanism seen in the 
uncoupled experiments, this is a clear indication for self-limiting behavior of a leakage pathway, and in the more 
physically realistic scenario of a constant pressure source (recall these experiments are constant rate) might lead to 
self sealing.  
5. Conclusion 
These experiments support the conjecture that leakage paths for CO2-saturated brine may be self-sealing or at 
least self-limiting. Both experiments showed a permanent reduction in effective hydraulic aperture.  
The influence of confining stress on the aperture of a leakage pathway is significantly less than in analogous 
experiments in which chemistry was decoupled from confining stress. The load-supporting asperities on the fracture 
faces appeared to undergo no reaction, so minimal change in the mechanical behavior of the system occurred.  
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Table 1 – Key experiment properties for sample BB-9, PL-1, PN-3, and PN-1 
Sample BB-9 PL-1 
Baseline experiment conditions None 2 cycles 
Acid experiment conditions   
Flow rate (mL/min) 3.3 2.0 
Injected HCl conditions   
pH 2.18 2.2 
Concentration (mM) 6.61 6.31 
Injected Volume (mL) 808.5 687 
HCl injected (mmol) 5.34 4.33 
Experiment duration (min) 245 343 
Confining stress (psig) 500 425 
Hydraulic aperture   
Initial (μm) 10.5 13.0 
Minimum (μm) 7.5 5.0 
Final (μm) 8.5 2.0 
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Figure 1 – Sample BB-9. Left – Color image of one fracture surface. Note the unaltered cement in gray and reacted channels in brown. Right – 
Gray scale image of the other fracture surface. The reaction pathway appears broader at the inlet side of the core and decreases towards the outlet. 
 
 
Figure 2 – Sample BB-9. Key parameters plotted versus the cumulate amount of acid injected. Also plotted are key reference values. The outlet 
fluid pH spikes above the steady state value (red line) before dropping off below the tap water pH (black line) and approaching the injected HCl 
(green line) value. Inlet pressure seems to lag behind the pH change seen in the core but has the same general behaviour. The inlet pressure after 
reaction is significantly higher than the unreacted value.  
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Figure 3 – Sample PL-1. The two baseline cycles are plotted in blue and red respectively. They show typical behavior as the sample is strain 
hardened during the loading portion of the first cycle and maintains a more characteristic elastic behavior for the unloading portion and 
subsequent full cycle. The green curve represents the cycle conducted after the acid injection experiment. From this curve it seems that while the 
hydraulic aperture now seems to be consistently lower than the unaltered sample, the relationship between confining stress increase and aperture 
decrease remains roughly the same. This implies that the asperities that prop the fracture open are unaltered by the flowing acid, presumably 
because they are not contacted.  
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Figure 4 – Sample PL-1. Left – Color image of one facture surface showing a single narrow channel in the cement. Right – Gray scale image of 
the mating fracture surface. Note the white material of unknown composition that bounds the broad channel section near the inlet. The large 
chunks removed from the sample at the inner top and bottom of the sample (green dashed areas) occurred after the sample was removed from the 
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